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P L A N E T A R Y  S C I E N C E

Terrestrial planet formation from lost inner solar  
system material
Christoph Burkhardt1*, Fridolin Spitzer1, Alessandro Morbidelli2, Gerrit Budde3, Jan H. Render1†, 
Thomas S. Kruijer4,5, Thorsten Kleine1,6

Two fundamentally different processes of rocky planet formation exist, but it is unclear which one built the terrestrial 
planets of the solar system. They formed either by collisions among planetary embryos from the inner solar system 
or by accreting sunward-drifting millimeter-sized “pebbles” from the outer solar system. We show that the isotopic 
compositions of Earth and Mars are governed by two-component mixing among inner solar system materials, in-
cluding material from the innermost disk unsampled by meteorites, whereas the contribution of outer solar system 
material is limited to a few percent by mass. This refutes a pebble accretion origin of the terrestrial planets but is 
consistent with collisional growth from inner solar system embryos. The low fraction of outer solar system material 
in Earth and Mars indicates the presence of a persistent dust-drift barrier in the disk, highlighting the specific 
pathway of rocky planet formation in the solar system.

INTRODUCTION
Rocky planets may have formed by two fundamentally different pro-
cesses (Fig. 1). In the classic model of oligarchic growth, the accre-
tion of Moon- to Mars-sized planetary embryos in the protoplanetary 
disk of gas and planetesimals was followed, after gas removal, by a 
protracted phase of mutual impacts among the embryos, leading to 
the final assembly of the terrestrial planets (1). More recently, an 
alternative model has been proposed, in which planets grow by ac-
creting “pebbles” from the outer solar system, which drift sunward 
through the disk because of gas drag (2, 3). Pebble accretion is very 
effective at forming giant planet cores (4, 5) and may have also 
formed the terrestrial planets of the solar system (6, 7). Determining 
which of these two processes governed the formation of the terres-
trial planets of the solar system is crucial for understanding the solar 
system’s architecture and dynamical evolution and for placing planet 
formation in the solar system into the context of general planet for-
mation processes, such as those observed in exoplanetary systems.

Oligarchic growth and pebble accretion are both dynamically 
possible, and so, they cannot be distinguished solely on theoretical 
grounds. Instead, the answer may be sought in the origin of the ac-
creted material, because the two accretion models predict vastly dif-
ferent amounts of outer solar system material incorporated into the 
terrestrial planets. In the oligarchic growth model, the terrestrial 
planets predominantly accreted from embryos from the inner solar 
system, with only a few percentage of a planet’s mass coming from 
outer solar system bodies (8). By contrast, in the pebble accretion 
model, much of the terrestrial planets accreted from dust and pebbles 
drifting inward from the outer solar system, amounting to ~30 to 

50% by mass of outer solar system material in Earth and Mars (7, 9, 10). 
Thus, the amount of outer solar system material accreted by the 
terrestrial planets is the key discriminant between the oligarchic 
growth and pebble accretion models (Fig. 1).

The amount of outer solar system material accreted by the 
terrestrial planets may be determined using nucleosynthetic isotope 
anomalies. These arise through the heterogeneous distribution of 
presolar matter within the solar protoplanetary disk and provide 
a record of the heritage of a planet’s building material (11–14). In 
particular, these isotope anomalies can distinguish between non-
carbonaceous (NC) and carbonaceous (CC) meteorites, which most 
likely represent the inner and outer solar system, respectively (11). 
Thus, the isotopic compositions of Earth and Mars with respect to 
the NC and CC reservoirs provide a pathway for determining how 
much outer solar system material was accreted by these bodies. 
However, whereas some studies concluded that Earth and Mars largely 
(>95%) accreted from inner solar system (NC) material (13, 15, 16), 
which would be consistent with the oligarchic growth model, others 
argued that Earth and Mars accreted substantial amounts (~30 to 50%) 
of CC material (9, 10), which in turn would be consistent with a 
pebble accretion origin (7). Hence, current interpretations of the 
isotopic data cannot distinguish between the two models of terrestrial 
planet formation, because both low and high amounts of outer solar 
system material in the terrestrial planets have been inferred.

These disparate conclusions reflect that previous studies either 
considered isotope anomalies of only a subset of elements (9, 10) or 
made specific assumptions about which combination of known 
meteorites best represents the precursor material of the planets (13). 
Moreover, these studies neglected the observation that Earth likely 
incorporated material that remained unsampled among meteorites 
(12, 17–19), in which case the amount of CC material in Earth cannot 
be determined by assuming that meteorites represent its building 
material. Consequently, accurately determining the bulk fraction of 
outer solar system material in the terrestrial planets in a self-consistent 
manner requires not only that the isotope anomalies of a represent
ative set of elements are considered but also an assessment of the full 
isotopic variability among the precursor objects of the terrestrial 
planets, including the planetary building material that remained 
unsampled among meteorites.
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Here, we use the recent observation of correlated isotope varia-
tions among NC meteorites (20) to show that both Earth and Mars 
incorporated material unsampled among meteorites, determine the 
provenance and isotopic composition of this lost planetary building 
material, and use this information to assess the amount of CC ma-
terial accreted by Earth and Mars. To this end, we also report new 
high-precision Ti, Zr, and Mo isotopic data for martian meteorites, 
which are crucial for better defining the isotopic composition of Mars 
with respect to NC and CC meteorites and, therefore, for determin-
ing the fraction of outer solar system material accreted by Mars.

RESULTS
Isotope composition of Mars
The isotopic compositions of Ti, Zr, and Mo in Mars are poorly 
defined because until now only a few samples have been analyzed, 
and because the precision of prior data is insufficient to unambigu-
ously resolve the small isotopic shifts that may arise through the 
incorporation of CC material into Mars. To resolve these issues, 
we obtained Ti, Zr, and Mo isotope data for a comprehensive set of 
martian meteorites, including samples from the major geochemical 
reservoirs on Mars as sampled by meteorites (Materials and Methods). 
Hence, the new isotopic data of this study provide a good estimate 
for the isotopic composition of bulk silicate Mars (BSM) as sampled 
by meteorites. All isotopic data are reported in the -notation as 
parts–per–ten thousand deviations from terrestrial standard values 
(see Materials and Methods).

The 10 martian meteorites analyzed in this study have indistin-
guishable Ti isotopic compositions (table S1), with a mean 50Ti 
anomaly of −0.42 ± 0.05 (95% confidence interval). This value is 
consistent with, but more precise than, the mean 50Ti values calcu-
lated from martian meteorite data reported in prior studies (21–23), 
where some individual samples indicated scatter outside the quoted 
uncertainties (fig. S1). Our results corroborate earlier conclusions 

that the Ti isotopic composition of Mars is intermediate between 
enstatite and ordinary chondrites, which belong to the NC group of 
meteorites (Fig. 2 and fig. S1). The Zr isotope composition of Mars 
has so far not been precisely determined. To this end, we report high-
precision Zr isotope data for six martian meteorites, which all ex-
hibit indistinguishable Zr isotope anomalies (table S2) with a mean 
96Zr of 0.28 ± 0.03 (95% confidence interval) (Fig. 2 and fig. S2). As 
for Ti, the Zr isotopic composition for Mars is intermediate between 
enstatite and ordinary chondrites and also overlaps with the com-
position of HED (howardite-eucrite-diogenite) meteorites (fig. S2).

We also report results of eight high-precision Mo isotope mea-
surements on a total of ~22 g of martian material, representing 17 
different meteorites (Materials and Methods and table S3). Owing 
to the low Mo contents of martian meteorites and the limited mass 
available for some of the samples, the Mo from some samples has 
been combined for a single Mo isotope analysis (see Material and 
Methods). This is justified because any isotope heterogeneity inher-
ited from Mars’ building blocks has likely been homogenized during 
martian differentiation, as is evident from the homogeneous isotope 
composition among individual martian meteorites observed for 
other elements like Ti and Zr. Consistent with this, all martian me-
teorites analyzed in this study have identical Mo isotope anomalies 
within the external reproducibility (2 SD) of the measurements. In 
a diagram of 95Mo versus 94Mo, the martian meteorites plot be-
tween the NC and CC lines (Fig. 3), indicating that the BSM’s Mo 
derives from both the NC and CC reservoirs. Thus, unlike Ti and 
Zr, which reveal no unambiguous evidence for the presence of CC 
material in Mars, the Mo isotopic data indicate that Mars accreted 
some CC material. The fraction of CC-derived Mo, as calculated 
using the lever rule from the BSM’s position between the NC and 
CC lines, is 0.4 ± 0.3 (2 SD), which is similar to the value of 0.46 ± 
0.15 calculated for the bulk silicate Earth (BSE) using the same 
approach (18). The calculation of CC-derived Mo mass fractions in 
this manner is strictly valid only if the NC and CC lines are parallel, 

Inward scattering 
of CC bodies

I. Wetherill-type accretion

II. Pebble accretion

Fig. 1. Possible scenarios of terrestrial planet formation. In the classic “Wetherill-type” model of oligarchic growth, the terrestrial planets formed by mutual collisions 
among Moon- to Mars-sized planetary embryos after the gas disk dissipated and accreted only a small fraction of CC planetesimals, which were scattered inward during 
Jupiter’s growth and/or putative migration. Alternatively, the terrestrial planets may have formed within the lifetime of the gas disk by efficiently accreting “pebbles” from 
the outer solar system, which drift sunward through the disk due to gas drag. The two models differ in the amount of outer solar system (CC) material accreted by the 
terrestrial planets, which may be quantified using nucleosynthetic isotope anomalies.
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but recent work has shown that the NC line has a slightly shallower 
slope than the CC line (20). Nevertheless, the effect of these slightly 
different slopes on the calculated CC-derived Mo mass fractions in 
the BSM and BSE is less than 0.1 and, therefore, smaller than the 
overall uncertainty on these mass fractions. Last, as a moderately 
siderophile element, Mo in BSM records only the last ~20% of its 
accretion (Materials and Methods), and so, the fraction of CC ma-
terial accreted by Mars during its entire accretion history cannot be 
determined from the Mo isotopic data alone but requires consider-
ing the isotopic composition of Mars in multielement isotope space 
(see below).

Building material of Earth and Mars
The new isotopic data obtained in this study enable direct compar-
ison of the isotopic compositions of BSE, BSM, and meteorites. A 

key observation of this comparison is that the BSE plots at one end 
of multielement isotope correlations defined by NC meteorites, while 
the BSM plots close to the compositions of enstatite and ordinary 
chondrites (Fig. 2). These correlations include isotope anomalies of 
different nucleosynthetic origin [i.e., supernova- and asymptotic 
giant branch (AGB) star–derived nuclides] and comprise elements 
with different geo- and cosmochemical behavior, indicating that the 
isotope variability among NC meteorites reflects mixing between 
two isotopically distinct components (20). Moreover, the NC iso-
tope correlations reveal a notable difference between the Fe group 
(e.g., Ca, Ti, Cr, and Ni) and heavier elements (e.g., Zr, Mo, Ru, and 
Nd). For the former, the isotope anomalies are positively correlated 
among NC meteorites, and BSE and BSM plot at the end of this cor-
relation pointing toward CC meteorites (Fig. 2A). Thus, for these 
elements, the isotopic variations among NC meteorites, Earth, and 
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Fig. 2. Isotope anomalies of meteorites and silicate portions of Earth (BSE) and Mars (BSM). NC meteorites representing the inner solar system are shown in red, and 
CC meteorites representing the outer solar system are shown in blue. For all element pairs, the isotope anomalies among NC meteorites are linearly correlated, with the 
BSE plotting at one end of these correlations. Solid red lines indicate linear regressions for NC data with corresponding 1 error envelopes. (A) Supernova-associated 
isotope anomalies in 50Ti and 54Cr are positively correlated among NC meteorites. The BSE and BSM plot at the upper end of this correlation pointing toward CC meteorites. 
(B) Anomalies in 96Zr and 94Mo are also correlated among NC meteorites, but the BSE plots at the end of the NC meteorite trend pointing away from CC meteorites, 
toward compositions enriched in s-process nuclides. (C and D) BSE also plots at the end of NC correlations for anomalies in Fe-group elements (50Ti and 54Cr) and heavier 
elements, again pointing away from CC meteorites. Dashed line in (A) indicates proposed mixing scenario between ureilite-like and CI-like materials (9, 10), but this mixture 
cannot account for the compositions of BSE and BSM in multidimensional isotope space (D). The relationships exemplified here are valid for anomalies in all elements 
(Fig. 5). Brachinites [light red diamond in (D)] show decoupled Mo-Ru isotope systematics (52) and were excluded from the regression. Data and data sources are given in 
the Supplementary Materials. Error bars indicate 95% confidence intervals.
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Mars are readily described as mixtures of known NC and CC mate-
rials (10, 11, 13). However, plotting the isotope anomalies of the 
heavier elements against each other (Fig. 2B) or against those of 
the Fe-group elements (Fig. 2, C and D) reveals that the BSE plots at 
the end of the NC meteorite trend pointing away from CC meteorites 
toward lower 94Mo and 96Zr, which represent compositions 
enriched in nuclides produced in the slow neutron capture process 
(s-process), which takes place in AGB stars. Note that although 
Earth is isotopically always close to enstatite chondrites, its isotopic 
composition is distinct and plots beyond the range of compositions 
recorded in meteorites. This corroborates earlier conclusions that 
Earth incorporated material that is unsampled among meteorites 
and, compared to known NC meteorites, is enriched in s-process 
matter (e.g., lower 94Mo and 96Zr) (12, 17, 18, 24). However, the 
multielement isotope correlations among NC meteorites reveal that 
this unsampled material is also enriched in supernova-derived iso-
topes of some Fe-group elements (e.g., 50Ti and 54Cr). This obser-
vation holds for all elements showing well-resolved nucleosynthetic 
isotope variations among NC meteorites (Fig. 4) and, therefore, is a 
ubiquitous feature of the building material of the terrestrial planets 
in the solar system.

The observation that BSE and BSM plot on or close to the NC 
isotope correlation lines suggests that Earth and Mars predominantly 
accreted from NC material whose compositions followed the same 
isotopic gradient as the NC meteorites and, at least for Earth, include 
the unsampled s-process–enriched component (Fig. 2, B to D). By 
contrast, CC bodies from the outer solar system do not seem to have 
been a major contributor to Earth and Mars, because otherwise, 
the BSE and BSM would plot off the NC isotope trends toward the 

composition of the CC reservoir. Nevertheless, some CC addition 
to Earth and Mars is necessary to account for the observation that 
the BSE and BSM plot between the NC and CC lines in the 95Mo-
94Mo diagram (Fig. 3). To assess these observations more quanti-
tatively, we have developed a mixing model that reduces the isotopic 
composition of a planet’s silicate mantle (i.e., BSE or BSM) to the 
contribution of three main components: (i) NC material contribut-
ing to the Mo in the planet’s present-day mantle, (ii) NC material 
not contributing to the Mo in the planet’s present-day mantle, and 
(iii) CC material (see Material and Methods). The distinction be-
tween two NC components is necessary because the mantle’s isotopic 
composition for a siderophile element such as Mo predominantly 
records the later stages of accretion (13, 18). With this model, the 
fraction of the mantle’s Mo delivered by NC bodies and the Mo 
isotopic composition of these bodies can be determined from the 
BSE’s or BSM’s 94Mo and 95Mo (18), the 95Mo-94Mo relation-
ship among NC meteorites (20), and the average 94Mo and 95Mo 
of CC meteorites (25). As the isotopic compositions of both NC 
components for all other elements depend on the respective values 
of 94Mo via the NC correlation lines, the bulk fraction of CC mate-
rial in Earth and Mars can be determined by using the isotope 
correlations of two lithophile elements (that is, elements unaffected 
by core formation), 54Cr (or 50Ti) and 96Zr, versus 94Mo 
(Fig. 2, B and D). Last, a Monte Carlo approach was used to account 
for the associated uncertainties on all input quantities (e.g., the slope 
of the NC correlation lines or the isotopic variations among CC me-
teorites) and to calculate probability distribution functions (PDFs) 
for (i) the fraction of the mantle’s Mo delivered by NC bodies, (ii) 
the Mo isotopic composition of these bodies, and (iii) the bulk CC 
fraction accreted by Earth and Mars (see Material and Methods).

The model reveals that about 70% of the BSE’s Mo was delivered 
by NC material with an average isotopic composition peaking at an 
94Mo value of about −0.6 (Fig. 5, A and B), indicating that most of 
the BSE’s Mo derives from NC objects that, on average, are distinct 
from known meteorites, all of which are characterized by positive 
94Mo. This does not mean that all NC material accreted by Earth 
had this particular 94Mo, but rather that the NC accretionary mix 
probably included objects with more positive (such as NC meteorites) 
and more negative 94Mo (the unsampled material from above). The 
offset of the BSE from the 94Mo-54Cr correlation line (Fig. 2D) 
indicates that later accreted objects had a composition further up on 
the correlation line than earlier accreted objects. This is because a 
siderophile element such as Mo is strongly depleted in proto-Earth’s 
mantle due to core formation, and so for siderophile-lithophile 
element pairs, mixing lines between two isotopically distinct impac-
tors are curved. Late impactors, therefore, had a stronger effect on 
the BSE’s Mo than on its Cr isotopic composition, and so, the offset 
of the BSE to the left of the 94Mo-54Cr correlation line implies 
that late impactors had a composition further up on the line.

The results for Mars are very similar to those for Earth, but the 
average 94Mo of the NC material that contributed to the BSM’s Mo 
is shifted toward slightly more positive values peaking at a value of 
~0 (Fig. 5A). Moreover, unlike the BSE, Mars is not clearly offset 
from the 94Mo-54Cr correlation line (Fig. 2D).

A key result of our model is that we infer only a small fraction of 
CC material (with a peak at ~4%) for Earth and Mars (Fig. 5C). Note 
that the larger CC fractions of ~30 to 40% inferred by considering 
solely the Mo isotopic data are not representative for the bulk frac-
tion of CC material in Earth and Mars, but only refer to the last ~10 to 
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Fig. 4. Isotope anomalies of NC and CC meteorites and silicate portions of Earth and Mars in multielement space. NC meteorites representing the inner solar system 
are shown in red, and CC meteorites representing the outer solar system are shown in blue. The isotope anomalies among NC meteorites are linearly correlated, with the 
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space. Data are given in data S1. Uncertainties represent 95% confidence intervals.
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20% of accretion (see above). Instead, the bulk CC fraction in both 
planets can only be determined by considering isotopic data for all 
elements together, including lithophile elements. Our finding that 
Earth and Mars incorporated only a small bulk fraction of CC 
material has far-reaching implications for understanding the fun-
damental process of terrestrial planet formation in the solar system.

DISCUSSION
Lost planetary building material from the inner solar system
The low mass fraction (~4%) of outer solar system material in Earth and 
Mars determined in this study is in stark contrast to prior proposals 
that the isotopic composition of Earth and Mars reflect ~1:1 and ~ 2:1 
mixtures of inner disk material having an ureilite-like isotopic com-
position with inward-drifting CI-chondrite–like dust from the outer 
solar system (9, 10). This large fraction of CC material was inferred 
solely on the basis of isotope anomalies in Fe-group elements for 
which, as noted above, BSE and BSM plot at the end of the NC isotope 
correlation that points toward the CC compositional field (Fig. 2A). 
However, in multielement isotope space, mixtures between ureilites 
and CI chondrites do not pass through the compositions of BSE and 
BSM, which instead plot furthest away from these mixing lines 
(Fig. 2, C and D). Thus, the accretion of large amounts of CC material 
to Earth and Mars would only be possible if this material was en-
riched in s-process matter (i.e., negative 94Mo and 96Zr) and, in 
this case, would represent the aforementioned planetary building 
material that remained unsampled among meteorites. The necessary 
enrichment of CC material in s-process matter may perhaps be pos-
sible as a result of filtering (26, 27) or thermal processing (28) of CC 
dust during its transport into the inner solar system.

However, several lines of evidence indicate that the unsampled 
planetary building material is not CC dust. First, the isotopic com-
position of the putative s-process–enriched CC dust may be quantified 
by extrapolation of the NC line to the intersection with the typical 
Ca, Ti, Cr, and Ni isotopic composition of CC meteorites. This is 
possible because the isotopes of Ca, Ti, Cr, and Ni are not produced in 
significant amount in the s-process, such that processing of s-process 
carriers would not significantly change the isotopic composition of 

these elements. However, the projected isotope compositions deter-
mined in this manner plot on the NC line in Mo isotope space and 
not, as would be required, at the intersection of the NC and CC lines 
(fig. S3). Second, if the isotopic trend among NC meteorites were to 
reflect the progressive addition of CC dust, then the isotopic com-
positions of NC bodies would have evolved over time toward more 
CC-like compositions. However, there is no obvious correlation be-
tween isotope anomalies and accretion ages of NC meteorite parent 
bodies, indicating that the isotope variability among NC meteorites 
does not reflect a temporal evolution of inner disk composition (20). 
Third, the isotope variability among NC meteorites seems to follow 
a heliocentric gradient. Although their original formation location 
is not well known, it is often assumed that enstatite chondrites, 
which have the lowest 94Mo and 96Zr and highest 50Ti and 54Cr 
among NC meteorites, formed closer to the Sun than other NC me-
teorites such as ordinary chondrites or ureilites (29). This gradient 
is also consistent with the higher 94Mo and 96Zr and lower 50Ti 
and 54Cr of Mars compared to Earth and would also be consistent 
with the lower 50Ti and 54Cr of HED meteorites, provided that the 
HED parent body, asteroid Vesta, formed close to its present-day 
position in the asteroid belt (Fig. 2). Together, these observations 
suggest that the unsampled s-process–enriched material derives from 
the innermost disk sunward of the formation location of known 
NC meteorites. This material likely remained unsampled among 
meteorites because of the low probability for scattering objects from 
the innermost disk into the asteroid belt, where the parent bodies of 
meteorites remained stored over the age of the solar system.

Origin of isotopic difference between Earth and Mars
The average 94Mo of the NC material contributing to Mo in BSE 
and BSM is more negative for Earth than for Mars, indicating that 
Earth accreted more of the unsampled, s-process–enriched material 
from the innermost solar system than Mars did. This is consistent 
with Mars’ formation at greater heliocentric distance than Earth and 
with our model that material closer to the Sun plots on the multi
element NC correlation lines beyond the terrestrial composition. 
The isotopic difference between Earth and Mars, therefore, likely 
reflects their formation at different radial locations in the disk. This 
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resulted in different ratios of objects with more positive (such as NC 
meteorites) and more negative 94Mo (the unsampled material 
from above) in the NC accretionary mixtures of Earth and Mars, 
which in turn are reflected in different positions along the NC iso-
tope correlation.

Formation of Earth and Mars from heterogeneous mixtures of 
NC bodies seems at odds with the observation that for all elements 
investigated so far, Earth is isotopically very similar to enstatite 
chondrites (13) and that Mars is typically intermediate between en-
statite and ordinary chondrites (15, 16). This has been interpreted to 
reflect accretion of Earth and Mars from isotopically homogeneous 
materials (13, 15). However, the isotopic link between Earth and 
enstatite chondrites arises naturally from the multielement isotope 
correlations among NC meteorites. Once the heterogeneous mixture 
that made Earth is, by chance, isotopically similar to a given meteorite 
group for one element, the same isotopic similarity will necessarily 
hold for all other elements. The same applies to Mars, but at a dif-
ferent position on the NC isotope correlation.

Mode of terrestrial planet formation in the solar system
A key result of our study is that once a representative set of elements 
is considered, the isotopic composition of Earth and Mars indicates 
that both planets accreted only a small fraction of CC material, with 
a peak at 4% by mass (Fig. 5C). Thus, contrary to some recent studies 
(7, 9, 10), we conclude that the terrestrial planets could not have 
formed by accretion of large masses (~40%) of CC pebbles from the 
outer solar system. Instead, the terrestrial planets could only have 
formed by pebble accretion if the vast majority of the pebbles had 
an NC isotopic composition. To this end, it has been suggested that 
CC material initially resided far from the Sun and that it reached the 
terrestrial planet region by radial drift only after some time t, before 
which the planets grew by accreting NC pebbles (7). Within this 
framework, the fraction of CC material in the terrestrial planets 
would be higher the earlier the change in pebble composition from 
NC to CC in the terrestrial planet region would have occurred. For 
instance, to match the purported high CC fraction in the terrestrial 
planets (9, 10) in this particular model would require this change to 
have occurred at ~3.8 million years (Ma) after solar system forma-
tion (7). However, the low CC fraction in the terrestrial planets 
determined in the present study indicates that this assumed change in 
pebble composition would have to have occurred at ~5 Ma, which is 
the assumed lifetime of the disk in this model (7). Moreover, for a 
typical pebble Stokes number of 0.001, the dust reaching the terres-
trial planet region at 5 Ma would have originally been located at 
~100 astronomical units (AU). However, given that the parent bod-
ies of some CC iron meteorites formed within 1 Ma after the start 
of the solar system (30) and considering that these bodies have been 
implanted into the asteroid belt during the growth of the giant planets 
(8, 31), it is implausible that the original boundary between the NC 
and CC reservoirs was located as far out as ~100 AU. Consequently, 
the most reasonable and straightforward interpretation is that the 
low fraction of CC material in the terrestrial planets implies a mark-
edly reduced influx of dust into the inner disk. It has been suggested 
that a pressure maximum in the disk or the snow line acted as bar-
riers against grain drift and, hence, were responsible for the initial 
separation of the NC and CC reservoirs (32–34). However, it is 
unclear as to whether these transient disk structures were capable 
of maintaining an efficient separation of the NC and CC reservoirs 
over the entire lifetime of the disk. Hence, we propose that the most 

plausible cause for the long-lasting separation of the NC and CC 
reservoirs is the formation of Jupiter, which has been shown to act 
as an efficient and persistent barrier against the inward drift of dust 
and pebbles (26, 27, 35).

Despite the low bulk CC fraction, Earth and Mars must have 
accreted some CC bodies during later growth stages, because other-
wise, the BSE and BSM would not plot between the NC and CC lines 
(Fig. 3). The CC contributions to the BSE’s and BSM’s Mo are re-
markably similar (Fig. 5B), indicating a common process of CC 
accretion for both bodies. For instance, although the mixed NC-CC 
Mo isotopic composition of the BSE may reflect delivery of CC ma-
terial by the Moon-forming impactor (18), a similar process did not 
occur for Mars. Moreover, our results indicate that CC planetesimals 
were already present in the inner disk when Mars reached its final 
mass at ~5 Ma after solar system formation (36). We, therefore, sug-
gest that Earth and Mars, as well as other planetary embryos in the 
inner solar system, most likely accreted CC material through plane-
tesimals, which contributed little overall mass but nevertheless left a 
significant imprint on their mantle’s Mo isotopic compositions. This 
is consistent with chemical models for core-mantle differentiation 
on Earth, which also argue for the accretion of CC planetesimals 
toward the end of accretion (37). Last, we note that the estimate of 
~4% CC material in Earth and Mars is sufficient to account for the 
volatile element inventory of both planets, even under the unlikely con-
dition that all NC material accreted by them was volatile free (38–40).

The subordinate role of outer solar system material among the 
accretionary mix of Earth and Mars is consistent with the classic 
model of terrestrial planet formation by oligarchic growth through 
collisions among inner solar system planetesimals and planetary 
embryos, with only little contamination from outer solar system ob-
jects. Of note, our estimate of only ~4% CC material in Earth and 
Mars is consistent with the results of dynamic models in which CC 
asteroids are scattered into the inner solar system during the growth 
(8) and/or migration (41) of Jupiter. This combined with the effi-
cient isolation of the inner disk from inward-drifting dust from the 
outer solar system required by the isotopic data bears testimony to 
the crucial role of Jupiter for determining the fundamental process 
that built terrestrial planets in the solar system.

MATERIALS AND METHODS
Samples, sample digestion, and initial chemistry
The 17 martian meteorites of this study were derived from distinct 
sources of the martian mantle, which were established during the 
early differentiation of a martian magma ocean. Samples include 
five depleted shergottites (DaG 476, LAR 12011, NWA 7635, SaU 005, 
and Tissint), three intermediate shergottites (ALH 77005, EETA 
79001, and NWA 7042), four enriched shergottites (LAR 12011, 
NWA 4864, RBT 04262, and Zagami), three nakhlites (Nakhla, 
NWA 10153, and MIL 03346), orthopyroxenite ALH 84001, and 
augite basalt NWA 8159. Individual sample masses ranged from 0.2 
to 3.6 g, which combined amount to a total of ~22 g of martian ma-
terial. Following cleaning of fresh interior pieces by ultrasonication 
in ethanol, samples were crushed in an agate mortar, and sample 
powders were digested in Savillex perfluoralkoxy (PFA) beakers 
with a 2:1 mixture of HF:HNO3 on a hotplate at 130° to 150°C for 2 
to 5 days. Titanium, Zr, and Mo (this study), as well as Cr (42), and 
Nd and W (43), were then separated from the sample matrix using 
ion exchange chromatography following our previously established 
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procedures (18, 24, 44–47). Samples were loaded onto columns filled 
with AG1X8 (4 ml, 200 to 400 mesh) in 0.5M HCl–0.5M HF (25 ml). 
Samples larger than 0.5 g were split over two or more columns. Fol-
lowing elution of matrix elements, Cr and rare earth elements (REE) 
with further addition of 0.5 M HCl–0.5 M HF (10 ml), Ti, Zr, and 
Hf were eluted with 10 ml of 8 M HCl–0.05 M HF. Last, W and Mo 
were rinsed off the columns in 15 ml of 6 M HCl–1 M HF and 10 ml 
of 3 M HNO3, respectively. Two large samples (3.56 g of DaG 476 
and 3.42 g of Tissint) were exclusively processed for this study and 
were digested for 7 days in HF-HNO3, followed by HCl-HNO3. In 
addition, for these two samples, each 0.5-g split was loaded in 75 ml 
of 0.5 M HCl–0.5 M HF on the column, and the Ti, Zr, Hf elution 
step was omitted, such that these elements were eluted together with 
W. For all samples split over two or more columns, the individual 
matrix (+Cr, REE), Ti-Zr-Hf, Mo, and W cuts from each column 
were combined after the first column.

Titanium cleanup chemistry and isotope measurements
The Ti-Zr-Hf cuts of eight shergottites (DaG 476, LAR 12011, NWA 
7635, SaU 005, Tissint, ALH 77005, EETA 79001, and NWA 7042), 
orthopyroxenite ALH84001, and augite basalt NWA 8159 were dried 
and redissolved in 12 M HNO3. They were subsequently passed 
through a two-stage ion exchange procedure involving TODGA 
(N,N,N′,N′-tetraoctyl diglycolamide) (2 ml) and AG1X8 (0.8 ml, 
200 to 400 mesh) ion exchange resins (48) to separate Ti from Zr and 
Hf. Titanium isotope measurements were made on a Thermo Fisher 
Scientific Neptune Plus multicollector inductively coupled plasma mass 
spectrometer (MC-ICPMS) in high-resolution mode at the Institut für 
Planetologie in Münster (45). Solutions containing about 400 ng/g 
Ti were introduced through a Cetac Aridus II desolvating system, 
resulting in a total ion beam of ~4.5 × 10−10 A. Each Ti isotope mea-
surement consisted of two lines of data acquisition. After 30-s baseline 
integrations (deflected beam), ion beams on all Ti isotopes as well as 
51V and 53Cr were measured in line 1 in blocks of 40 cycles of 4.2 s each, 
whereas in line 2, ion beams on 44Ca and all the Ti isotopes were mea-
sured in 20 cycles of 4.2-s integrations each. Instrumental mass bias 
was corrected using the exponential law and 49Ti/47Ti = 0.749766. 
Titanium isotope compositions are reported as iTi values relative 
to the mean of bracketing measurements of the OL-Ti (Origins Lab) 
standard, where iTi = [(iTi/47Ti)sample/(iTi/47Ti)standard − 1] × 104. 
Results were normalized to the mean of the terrestrial standards 
(BHVO-2, BIR1a, and OL-Ti) processed through the chemistry 
along with the samples. The latter was done because we observed a 
slight offset in 46Ti (−0.08 ± 0.05, 95% confidence interval, N = 33) 
and 50Ti (−0.05 ± 0.04) between the processed terrestrial rock sam-
ples and standards and the unprocessed OL-Ti bracketing standard. 
These offsets might be caused by an improper mass fractionation 
correction assuming the exponential law or unaccounted matrix 
effects and have been observed (and corrected this way) in other 
high-precision Ti isotope studies before (49). The uncertainty intro-
duced by this correction was propagated into the analytical uncertainties 
of the Ti isotope measurements for all samples by quadratic addi-
tion. The external reproducibility (2 SDs) of the standard measure-
ments during the course of this study was ±0.26 46Ti, ±0.20 48Ti, 
and ± 0.31 50Ti. The Ti isotope compositions of the martian meteorites 
analyzed in this study are provided in table S1. All 10 samples of this 
study have indistinguishable Ti isotopic compositions with a mean 
50Ti of −0.42 ± 0.05, which provides the current best estimate for 
the Ti isotopic composition of Mars.

Zirconium cleanup chemistry and isotope measurement
For samples with sufficiently high Zr contents, the Zr-Hf cuts from 
the first column of the Ti chemistry were evaporated to dryness and 
redissolved in 2 ml of 3 M HNO3 and 1 weight % (wt %) H2O2 for 
further purification following the procedure of (50). Sample solutions 
were loaded onto PFA shrink columns filled with Eichrom LN spec 
resin (100 to 150 mesh) for separation of Zr from residual Fe, Ti, 
and Hf. First, Ti was eluted with 10 ml of 3 M HNO3 and 1 wt % 
H2O2 in 2-ml incremental steps, which was followed by 2 ml of 
0.28 M HNO3 to wash off residual H2O2 from the resin. After rinsing 
with additional 10 ml of 0.5 M HNO3–0.06 M HF, Zr was collected 
in 24 ml of 0.5 M HNO3–0.06 M HF, before Hf was eluted with 6 ml 
of 0.56 M HNO3–0.3 M HF. The final Zr cuts were treated with con-
centrated HNO3 and redissolved in 0.5 M HNO3–0.01 M HF for 
isotope measurements. The purified Zr cuts had Mo/Zr < 1 × 10−4, 
Ru/Zr < 1 × 10−4, Ti/Zr < 0.1, Fe/Zr < 0.01, and Hf/Zr < 0.01, all of 
which are well below the thresholds required for accurate of inter-
ference corrections. Yields of the entire separation procedure were 
>80%. Total procedural blanks were <1 ng of Zr and were insignifi-
cant, given that more than 10 g of Zr was processed for each sample. 
Zirconium isotope measurements were performed using the 
Neptune Plus MC-ICPMS at the Institut für Planetologie, using Jet 
sampler and H skimmer cones. Samples were introduced as solu-
tions (~200 ng/g) using a Cetac Aridus II desolvator and a Savillex 
C-flow nebulizer with an uptake rate of 50 l/min, resulting in a 
total ion beam intensity of 6 × 10−10 to 8 × 10−10 A. Oxide rates 
were adjusted to <1.5% CeO/Ceni, and samples and standards were 
matched in concentration to within <15%. Each measurement con-
sisted of 30-s baseline integrations (deflected beam) followed by 
200 cycles Zr isotope ratio measurements of 4.2 s each. Ion beams 
on all Zr masses (90, 91, 92, 94, and 96) were measured using Faraday 
cups connected to 1011-ohm feedback resistors, and ion beams on 
masses 95 and 99 were measured using Faraday cups connected to 
1012-ohm feedback resistors to monitor potential isobaric interfer-
ences of Mo and Ru on various Zr isotopes. Instrumental mass bias 
was corrected by internal normalization to 94Zr/90Zr = 0.3381 and 
using the exponential law. The Zr isotope data are reported as iZr 
values relative to the mean composition measured for the NIST 
SRM 3169 Zr standard that was analyzed bracketing the sample mea-
surements, where iZr = [(iZr/90Zr)sample/(iZr/90Zr)standard − 1] × 104. 
The Zr isotopic composition of two terrestrial rock standards 
(BHVO-2 and BCR-2) processed along with the samples are indis-
tinguishable from the solution standard. The Zr isotope data of the 
martian meteorites and the terrestrial basalt standards are provided 
in the table S2. All martian meteorites have indistinguishable Zr iso-
tope anomalies with a mean 96Zr = 0.28 ± 0.03. This is the first re-
port of Zr isotope data for martian meteorites and as such is the 
current best estimate for the Zr isotopic composition of Mars.

Molybdenum cleanup chemistry and isotope measurement
Except for Tissint, the Mo cuts of the 17 individual sample digestions 
common to this study (43) did not contain enough Mo (~100 ng) 
for individual high-precision Mo isotope measurements. The Mo 
cuts of these samples were, therefore, combined to obtain a total of 
four samples (Tissint-1, Mars-A, Mars-B, and Mars-C). Combining 
the Mo cuts from different martian samples is possible because no 
nucleosynthetic isotope heterogeneity is expected among different 
martian meteorites. This is because any potential heterogeneity re-
sulting from accretion of isotopically heterogeneous building blocks 
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should have been erased by subsequent melting of the martian mantle 
and homogenization within a martian magma ocean. This is consist
ent with the lack of resolved Zr and Ti isotope variations among 
individual martian meteorites derived from distinct mantle sources 
observed in this study (see above). Mars-A consists of the combined 
Mo cuts of the depleted shergottites SaU 005 and DaG 476; Mars-B 
consists of the combined Mo cuts of the intermediate shergottites 
ALH 77005, EETA 79001, and NWA 7042; and Mars-C consists of 
the combined Mo cuts of the remaining 11 samples of the Nd-W 
isotope study of (43) (NWA 8159, RBT 04262, NWA 4864, LAR 12011, 
LAR 12095, ALH 84001, NWA 7635, Zagami, Nakhla, NWA 10153, 
and MIL 03346). Together with the larger DaG 476 and Tissint 
samples exclusively digested for this study, this resulted in a total of 
six martian Mo samples (Tissint-1, Mars-A, Mars-B, Mars-C, DaG 
476, and Tissint-2) on which a Mo cleanup chemistry was per-
formed. The purification of Mo followed our established two-stage 
ion exchange procedure using AG1X8 (2 ml, 100 to 200 mesh) and 
TRU (1 ml) ion exchange resin (18, 30, 51). After the ion exchange 
chemistry, the purified Mo cuts were treated with inverse aqua regia 
to destroy organic compounds before they were taken up in 0.5 M 
HNO3–0.01 M HF for isotope measurement. The Mo yields for the 
separation were between 65 and 82%, and the procedural blanks 
ranged from 3 to 16 ng. This corresponds to 3 to 9% of the Mo re-
covered from each of sample and, given the overall small Mo isotope 
anomalies in the samples, had no significant effect on measured Mo 
isotope compositions. The terrestrial rock standards JA-2 and W-2a, 
which were processed through the analytical procedure along with 
the martian samples, yielded the terrestrial Mo isotopic composition 
[reported in (18)], testifying to the accuracy of the analytical meth-
ods. The Mo isotopic compositions were measured using a Thermo 
Fisher Scientific Neptune Plus MC-ICP-MS at the Institut für 
Planetologie. Samples were introduced as Mo solutions (100 ng/g) 
using a Savillex C-Flow PFA nebulizer (uptake rate ~50 l/min) 
connected to a Cetac Aridus II desolvator, resulting in total ion 
beam intensities of ~1.1 × 10−10 A. Each measurement consisted of 
40 on-peak baseline integrations, followed by 100 cycles of isotope 
ratio measurements of 8.4 s each. Instrumental mass bias was cor-
rected by internal normalization to 98Mo/96Mo = 1.453173 and us-
ing the exponential law. Isobaric interferences of Zr and Ru on Mo 
masses were corrected by monitoring 91Zr and 99Ru. The maximum 
corrections were < 0.5  and were all well within the range of reliable 
and accurate interference corrections (51). The Mo isotope data are 
reported as iMo values relative to the mean of bracketing Alfa 
Aesar Mo standard measurements, where iMo = [(iMo/96Mo)sample/
(iMo/96Mo)standard − 1] × 104. The external reproducibility (2 SDs) 
of the standard measurement during the course of this study 
was ±0.29 92Mo, ±0.25 94Mo, ±0.18 95Mo, ±0.15 97Mo, and ± 
0.14 100Mo. The Mo isotope data of the martian samples are re-
ported in table S3. Within the external reproducibility of the 
measurements, all martian meteorites have identical Mo isotope 
compositions and reveal resolved Mo isotope anomalies relative to 
the standard and terrestrial samples. The mean Mo isotopic compo-
sition of the martian meteorites is consistent with an s-process deficit 
relative to Earth’s mantle and, given that the samples of this study 
derive from different portions of the martian mantle, provides the 
current best estimate for the Mo isotopic composition of BSM. Al-
though there is some scatter in the individual measurements, in a 
diagram of 95Mo versus 94Mo, the average BSM composition plots 
between the NC and CC lines (Fig. 3). Together, these data indicate 

that the BSM’s Mo derives from both the NC and CC reservoirs, 
where the fraction of CC-derived Mo, as calculated from its position 
between the NC and CC lines using the lever rule, is 0.4 ± 0.3 (2). 
As a siderophile element, the BSM’s Mo predominantly records the 
last ~20% of accretion, because the Mo from earlier accretion stages 
has been removed to the core. Thus, the Mo isotopic data indicate 
that Mars accreted some CC material during the last ~20% of its 
growth, but the fraction of CC material accreted by Mars during its 
entire accretion history cannot be determined in this manner. More 
precise and robust constraints on how much CC material was accreted 
by Mars can be obtained by considering its isotopic composition in 
multielement space (see below and main text).

Isotopic mixing model for Earth and Mars
As discussed in the main text, the building blocks of Earth (or Mars) 
can be reduced to three main components: average NC material 
contributing to the BSE’s Mo budget (denoted NCLate), average NC 
material not contributing to the BSE’s Mo (denoted NCEarly), and 
CC material. The indexes “Early” and “Late” reflect the siderophile 
nature of Mo, which means that the material contributing to the 
BSE’s Mo likely accreted later than the material that did not con-
tribute to the final Mo budget of the BSE (that is, the Mo from these 
objects was entirely removed to Earth’s core). These three compo-
nents come with five unknowns: the 94Mo values of NCLate and 
NCEarly, denoted 94MoNCLate and 94MoNCEarly, the fraction ​​f ​Mo​ NCLate​​ 
of the BSE’s Mo delivered by NCLate, and the fractions of CC and 
NCLate in the bulk Earth, ​​f​BULK​ CC ​​  and ​​f​BULK​ NCLate​​. Note that ​​f ​Mo​ NCLate​​ should 
not be confused with the fraction of Earth’s mass that accreted “late,” 
but merely refers to the fraction of a mantle’s NC-derived Mo that 
has been delivered late. We also note that because for all isotope 
anomalies, NC meteorites plot on the NC line, once 94MoNCLate and 
94MoNCEarly are known, their isotope anomalies for all other ele-
ments are known as well.

To determine 94MoNCLate and ​​f ​Mo​ NCLate​​, we use two equations for 
94Mo and 95Mo. These are

	​​ ​​ 94​ ​Mo​​ NCLate​ ​f ​Mo​ NCLate​ + (1 − ​f ​Mo​ NCLate​ ) ​​​ 94​ ​Mo​​ CC​  = ​ ​​ 94​ ​Mo​​ BSE​​	 (1)

​(​a​ 95Mo​​ ​​​ 94​ ​Mo​​ NCLate​ + ​b​ 95Mo​​) ​f ​Mo​ NCLate​ + (1 − ​f ​Mo​ NCLate​) ​​​ 95​ ​Mo​​ CC​ =  
​​​ 95​ ​Mo​​ BSE​​	 (2)

where 94MoCC, 95MoCC, 94MoBSE, and 95MoBSE are the average 
values of 94Mo and 95Mo for CC meteorites and BSE, respectively, 
and a95Mo and b95Mo are the coefficients of the NC line in the 95Mo-
94Mo plane. This system of equation gives the solution

​​ 
​ε​​ 94​ ​Mo​​ NCLate​ =

​    (​b​ 95Mo​​ ​ε​​ 94​ ​Mo​​ CC​ − ​b​ 95Mo​​ ​ε​​ 94​ ​Mo​​ BSE​ − ​ε​​ 94​ ​Mo​​ CC​ ​ε​​ 95​ ​Mo​​ BSE​ + ​ε​​ 95​ ​Mo​​ CC​ ​ε​​ 94​ ​Mo​​ BSE​ ) /​      

(− ​a​ 95Mo​​ ​ε​​ 94​ ​Mo​​ CC​ + ​a​ 95Mo​​ ​ε​​ 94​ ​Mo​​ BSE​ − ​ε​​ 95​ ​Mo​​ BSE​ + ​ε​​ 95​ ​Mo​​ CC​)

 ​​

(3)

​​
​f ​Mo​ NCLate​ = (− ​a​ 95Mo​​ ​​​ 94​ ​Mo​​ CC​ + ​a​ 95Mo​​ ​​​ 94​ ​Mo​​ BSE​ − ​​​ 95​ ​Mo​​ BSE​ + ​​​ 95​ ​Mo​​ CC​ ) /

​     
(− ​a​ 95Mo​​ ​​​ 94​ ​Mo​​ CC​ − ​b​ 95Mo​​ + ​​​ 95​ ​Mo​​ CC​)

 ​​
(4)

To determine 94MoNCEarly, ​​f​BULK​ CC ​​ , and ​​f ​BULK​ NCLate​​, let us start by con-
sidering two equations for the isotope anomalies of two lithophile 
elements, such as 54Cr and 96Zr
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	​​ 
(​a​ 54Cr​​ ​​​ 94​ ​Mo​​ NCLate​ + ​b​ 54Cr​​ ) ​f​BULK​ NCLate​ + ​f​BULK​ CC ​ ​ ​​ 54​ ​Cr​​ CC​+

​     
(1 − ​f​BULK​ NCLate​ − ​f​BULK​ CC ​  ) (​a​ 54Cr​​ ​​​ 94​ ​Mo​​ NCEarly​ + ​b​ 54Cr​​ ) = ​​​ 54​ ​Cr​​ BSE​

​​	(5)

	​​
(​a​ 96Zr​​ ​ε​​ 94​ ​Mo​​ NCLate​ + ​b​ 96Zr​​ ) ​f​BULK​ NCLate​ + ​f​BULK​ CC ​ ​ ε​​ 96​ ​Zr​​ CC​+

​    
(1 − ​f​BULK​ NCLate​ − ​f​BULK​ CC ​  ) (​a​ 96Zr​​ ​ε​​ 94​ ​Mo​​ NCEarly​ + ​b​ 96Zr​​ ) = ​ε​​ 96​ ​Zr​​ BSE​

​​	(6)

where the meaning of the variables is like before, just substituting 
95Mo with 54Cr or 96Zr. These two equations have the same functional 
form, even if their coefficients are different. Thus, instead of giving 
two unknowns as function of the third, there is one value of ​​f​BULK​ CC ​​ 
that makes the two equations linearly dependent (that is, equivalent 
to each other). This is

	
​​
​f​Bulk​ CC ​   =  (​a​ 54Cr​​ ​b​ 96Zr​​ − ​a​ 54Cr​​ ​​​ 96​ ​Zr​​ BSE​ − ​a​ 96Zr​​ ​b​ 54Cr​​ + ​a​ 96Zr​​ ​​​ 54​ ​Cr​​ BSE​ ) /

​     
(​a​ 54Cr​​ ​b​ 96Zr​​ − ​a​ 54Cr​​ ​​​ 96​ ​Zr​​ CC​ − ​a​ 96Zr​​ ​b​ 54Cr​​ + ​a​ 96Zr​​ ​​​ 54​ ​Cr​​ CC​)

 ​​ 	(7)

In this equation, ​​f​Bulk​ CC ​​  represents the mass fraction of a lithophile 
element that was added to Earth by CC material. It can be safely 
assumed that this is the fraction of Earth’s mass delivered by CC 
bodies. This assumption would not have been valid only if most of 
the NC and CC bodies accreted by Earth (and Mars) were not chon-
dritic in terms of the mass fraction of lithophile elements (i.e., 
because they were accreted as discrete cores or mantle debris from 
differentiated planetesimals). However, given that the Fe/Si ratio of 
the Earth is very close to chondritic, this can be excluded. For the 
value of ​​f​BULK​ CC ​​  given in Eq. 7, each of Eqs. 5 and 6 gives the same rela-
tionship 94MoNCEarly (​​f​BULK​ NCLate​​). Thus, it is not possible to determine 
94MoNCEarly and ​​f​BULK​ NCLate​​ separately. Instead, for any other value of ​​
f​BULK​ CC ​​ , Eqs. 5 and 6 do not have any common intersection. Adding a 
third equation for another lithophile element (e.g., 145Nd, name it 
Eq. 8) would not improve the situation because it would have the same 
functional form as Eqs. 5 and 6. Ideally, the same value of ​​f​BULK​ CC ​​  would 
render the three equations equivalent to each other. In practice, given 
the errors in the various coefficients, the value of ​​f​BULK​ CC ​​  obtained by 
considering Eqs. 5 and 6, 6 and 8, or 5 and 8 will be close, but not 
identical. Thus, we will only consider Eqs. 5 and 6 and use Eqs. 6 and 
8 for control.

Because all coefficients in Eqs. 1, 2, 5, and 6 have uncertainties, it 
does not make sense to use these equations to derive a single value 
for 94MoNCLate, ​​f​MO​ NCLate​​, and ​​f​BULK​ CC ​​ . Thus, we used a Monte Carlo 
approach instead. In each trial, we pick a value for each coefficient 
within its Gaussian uncertainty, up to 3 from its mean value. Note 
that correlated uncertainties were taken into account. The uncertain-
ties of the a and b coefficients of each NC line (say a54Cr and b54Cr) 
are correlated because the line has to pass through the data points of 
NC meteorites. We impose that the NC line in the 95Mo-94Mo 
plot passes through the point (94Mo = 0.5 and 95Mo = 0.206), that 
in the 54Cr-94Mo plot passes through (94Mo = 0.75 and 54Cr = 
−0.483), that in the 96Zr-94Mo plot passes through (94Mo = 0.7 
and 96Zr = 0.4), and that in the 145Nd-94Mo plot passes through 
(94Mo = 0.54 and 145Nd = 0.05). These points are chosen at the 
locations where the data constraining the NC lines are the tightest. 
Another correlation exists between the value of 94MoCC and 
95MoCC, which is given by the CC line (18, 51). The mean values 
and the 1 uncertainties of all independent quantities considered 
in the Monte Carlo calculation are provided in table S4. Those 

concerning the isotopic anomalies of CC meteorites are computed 
from the mean and root mean square of the mean values of all types 
of CC meteorites (data S1). In the Monte Carlo calculations, we 
performed 5 million trials. The results for 94MoNCLate, ​​f ​Mo​ NCLate​​, and 
​​f​BULK​ CC ​​  are then binned in the intervals [−3:1], [0:1], and [0:1], and the 
resulting PDFs are reported in Fig. 5. As a control, we repeated the 
Monte Carlo calculation using the equation for 145Nd instead of 
96Zr. The resulting PDF for ​​f​BULK​ CC ​​  is very similar. Instead of having 
a maximum at ​​f​BULK​ CC ​​  = 0.04 it monotonically decays from 0. Only 7.7% 
of the trials give ​​f​BULK​ CC ​​  > 0.2 (instead of 2.5% in the case of Fig. 5).

We have also applied the same method for Mars. The values of 
the isotopic anomalies for BSM are reported in table S5. The PDFs 
for the unknowns 94MoNCLate, ​​f ​Mo​ NCLate​​, and ​​f​BULK​ CC ​​  are shown in Fig. 5. 
Our results show that the value of ​​f ​Mo​ NCLate​​ for Mars is very similar to 
that for the Earth, indicating that the CC contributions to Mo in the 
mantles of both planets are comparable. Instead, the CC fraction to 
bulk Mars is much more restricted than that of the Earth, not ex-
ceeding 0.1. The value of 94MoNCLate is larger for Mars than for the 
Earth, as can also be deduced graphically from Fig. 5, meaning—in 
our interpretation—that Mars did not reach material as close to 
the Sun as the Earth did. This makes sense given that Mars is 
50% further away.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj7601
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